In this work, a detailed characterization of Li x Mn 2 O 4 spinel oxides is shown to demonstrate the correlation between the anomalous thermoelectric properties of this cathode material and its crystal and electronic structure. The analysis of structural and transport in Li x Mn 2 O 4 cathode materials obtained by solid-state reaction and sol-gel method allows formulating a conclusion that the performance of manganese spinel-based cathode depends on the occurrence of anomalous electron effects. The recorded maxima in absolute values of thermoelectric power correspond to high diffusivity of electrons at the Fermi level. A correlation between the occurrence of thermoelectric peaks and effectiveness of deintercalation/intercalation of lithium has been shown. The obtained results indicate a beneficial effect of phase transition on electrochemical properties of lithium-manganese spinel cathode material.
Introduction
Manganese spinel, less expensive and environmentally friendlier than presently used in Li-ion batteries technology LiCoO 2 oxide, seems to be an alternative cathode material. The Li x Mn 2 O 4 manganese spinel owes its properties to a wide lithium content range that can be changed between 0 and 1 without crucial changes in the spinel structure of this oxide [1] [2] [3] . Diffusional lithium deintercalation/intercalation mechanism is the basis for its application as an electrode in a rechargeable battery.
At around 290 K, manganese spinel undergoes a phase transition from cubic to orthorhombic phase [4, 5] resulting in the ordering of manganese in the 3d metal sublattice. Many authors believe that this Jahn-Teller driven structural distortion is the reason for the insufficient cyclability of the manganese spinel-based batteries [6, 7] . In spite of a large number of works dealing mostly with electrochemical characteristics of lithium cells with LiMn 2 O 4 -based cathode materials [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , only few focuses on anomalous electronic effects near the temperature of the phase transition [18] [19] [20] [21] [22] .
DFT calculations of both spinel phases by Grechnev et al. [23, 24] reveal a significant difference in the density of states near Fermi level between cubic and orthorhombic phase.
The purpose of this work is an attempt to relate the anomalous effects in thermoelectric power with the structural transition and electrochemical performance of spinel-based cathode materials. In order to accomplish this, detailed structural studies as a function of temperature for lithium-manganese spinels Li x Mn 2 O 4 were carried out for a different lithium content.
Experimental
Lithium-manganese spinel oxides were synthesized using both solid-state reaction (SSR) [25] as well as sol-gel method (SG) described in details in [26] . The materials were then annealed in air at 800°C for 24 h (solid-state reaction) and Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10008-018-04187-0) contains supplementary material, which is available to authorized users. 6 h (sol-gel method) followed by quenching to room temperature. The obtained powders were pressed into pellets which served as cathodes in Li|Li + |Li x Mn 2 O 4 cells. In the characteristic point on the charge curve, the loading process was stopped to obtain materials with a different degree of lithium content.
X-ray diffraction measurements (XRD) were performed in 2θ range of 10-110°with CuK α radiation using the PANalytical Empyrean diffractometer. For structural characterization of the materials as a function of temperature, Oxford Cryostat and Anton Paar furnace setups were used. The XRD data were refined using the Rietveld method, with GSAS/EXPGUI set of software [27] .
For the measurements of electrical conductivity (σ) of the samples, a four-probe AC method was utilized in the range of 218 to 328 K. Measurements of thermoelectric power (α) were performed in the same temperature range using a dynamic method with variable temperature gradient.
Charge-discharge test as well as the determination of chemical lithium diffusion coefficients was carried out in CR-2032 Li|Li + |Li x Mn 2 O 4 cells, with composite cathodes consisting of active material, carbon black, and PVDF (with a weight ratio of 8:1:1 respectively). LiPF 6 salt in EC/DEC was used as an electrolyte. The cells were cycled with a current regime in the range of C/10 to 10 C with voltage cutoffs set as 3.5 and 4.3 V. The measurements of chemical diffusion The pristine materials obtained from both synthesis routes (solid-state reaction and sol-gel), as well as the materials with a different lithium contend obtained via electrochemical deintercalation were structurally examined in 23-573-K temperature range in order to monitor the phase transition. With the use of Rietveld refinement method, lattice cell parameters, as well as phase composition of the materials, was determined. In Fig. 1a , detailed results of structural studies of LiMn 2 O 4 obtained by a solid-state reaction are shown along with results of Rietveld refinement ( Fig. 1c and e) .
A spinel cubic phase with the Fd3m space group is shown to exhibit single, sharp diffraction peaks for the temperature above 313 K. Below this temperature, the peak splits into three, what indicates an appearance of the second phase, indexed with Fddd space group. The cubic/orthorhombic ratio drops rapidly, reaching the value of 1:1 around room temperature (Fig. 1e, orange points) . The phase transition, however, does not undergo completely, below 250 K the phase ratio is constant, with 30% of cubic phase. A linear change of cubic phase cell parameters was observed in the whole examined range.
Detailed structural studies of LiMn 2 O 4 SG together with results of Rietveld analysis are given in Fig. 1b . For this pristine material, phase transition is complete and occurs in 10 degrees lower temperature than for material from solid-state reaction. Below 123 K, only the orthorhombic Fddd phase is present (Fig. 1f) .
The same examining procedure was carried out for electrochemically deintercalated manganese spinel materials both from solid-state reaction and from sol-gel method. Figure 1e illustrates the phase transition in the material from solid-state reaction as a function of temperature and lithium content. The temperature of the phase transition increases with the decrease of lithium content, the transition is also smoother, what results in higher amount of cubic phase in a lower temperature for materials with lower lithium concentration. For the materials obtained by partial lithium deintercalation from LiMn 2 O 4 SG, the phase transition is smoother than in materials derived from LiMn 2 O 4 SSR and is shifted towards lower temperature (Fig. 1f) .
The obtained results indicate that the applied synthesis route (SSR or SG) affects the temperature of the phase transition and the composition of the phases of manganese spinel-based cathode material. Distinct from the solid-state reaction approach, the mixing of substrates in sol-gel method is performed at an atomic level, in our case at room temperature, what allows to shorten the time of the annealing process necessary to obtain a lithiummanganese oxide with a desired spinel phase. The differences of annealing times affect the small amounts of lithium that evaporate during the synthesis, what can slightly affect the stoichiometry of obtained materials, resulting in a shift of the temperature the of phase transition.
Microstructure
Figure 2 a and b show the morphology of the LiMn 2 O 4 powder synthesized using the high-temperature method. A polycrystalline material with diverse microstructure was obtained. Agglomerates with diameters above 10 μm have been observed (Fig. 2a) , while grain sizes are 0.5-2 μm. Inter-grain boundaries are clearly visible.
Figure 2 c and d show the morphology of the LiMn 2 O 4 powder synthesized using the sol-gel method. A polycrystalline material with diverse microstructure was obtained. In the case of this material, also larger agglomerates with diameters above 10 μm have been observed (Fig. 2c) , grain sizes are noticeably smaller, amounting to 0.2-0.7 μm. It is believed that this phenomenon is due to the fact that the annealing process was much shorter in case of the sol-gel synthesis route. This (SG) material was annealed in 800°C for 6 h, what resulted in obtaining of much smaller grains than in the case of material from solid-state reaction (SSR), where the annealing process lasted 24 h.
Transport properties

Conductivity
The results of conductivity measurements of pristine LiMn 2 O 4 SSR and the materials obtained after its electrochemical deintercalation are shown in Fig. 3a . The observed conductivity vs. temperature dependence in the Arrhenius plot exhibits an activated character, what allowed to calculate activation energy. Pristine material exhibits a specific hysteresis in the temperature characteristic of conductivity, connected with cubic → orthorhombic phase transition. The latter exhibits lower conductivity. For the deintercalated materials, identical results were obtained during cooling and heating cycle (Fig. S1 in  supplementary material) , the hysteresis disappeared; however, changes in the activation energy were visible. With the decrease of lithium content, an increase in conductivity was observed in the whole examined temperature range, what can be ascribed to a higher content of better conducting cubic phase (Fig. 1e) . Analogous measurements were carried out for pristine LiMn 2 O 4 SG and the materials obtained after its electrochemical deintercalation are shown in Fig. 3b .
Similar to the material from solid-state reaction, the one from sol-gel method exhibits a distinctive hysteresis in the temperature characteristic of conductivity, connected with phase transition, however, shifted towards lower temperature, what is consistent with structural studies (lower temperature of phase transition for LiMn 2 O 4 SG). The conductivity increases with the lithium deintercalation degree; calculated activation energies of electrical conductivity are presented in Table 1 .
In case of all the measured samples, very high values of linear correlation were obtained, and the error of E a does not exceed 0.01 eV. The phase transition affects also the conductivity of the sample; hence, depending on the phase ratio, one sample can have more than one activation energies in the measured temperature range, so there is no general linear dependency of chemical composition and activation energy; however, it can be observed that with the increase of lithium deintercalation degree, a decrease in activation energy and a decrease of lattice cell peak in the thermoelectric power was obtained (Fig. 4a ) around 283 K, both during cooling and heating of the sample. This behavior (thermoelectric peak) does not find a theoretical explanation and can be attributed to the phase transition. Negative values of the thermoelectric power in the whole examined temperature range indicate that electrons are the predominant charge carriers. For Li 0.9 Mn 2 O 4 SSR, a sharp − 900 μV K −1 peak during heating was observed (Fig. 4b) around room temperature. The highest absolute value of the peak was observed for x = 0.7 (− 2500 μV K
−1
). For higher degrees of deintercalation x ≤ 0.6, the effects are not as visible, and shifted towards lower temperatures.
The same measurement procedure was carried out for electrochemically deintercalated materials obtained from the spinel from sol-gel method (LiMn 2 O 4 SG). The results are shown in Fig. 5 .
Similarly to the pristine material from solid-state reaction, in the one from sol-gel method, the anomalous effects (peaks of value − 500 μV K −1 ) in thermoelectric power were observed; however, they were shifted towards lower temperature 260 K. These results are in a good agreement with structural and conductivity studies. Electrochemically deintercalated (Fig. 5b) , again shifted towards lower temperatures. Materials with lower lithium content (Fig. 5c-f) did not exhibit such significant peaks.
These distinctive peaks in thermoelectric power appear in the temperature of phase transition, where cubic to orthorhombic phase ratio is 1:1.
Lithium diffusion coefficient
The results of lithium diffusion coefficients for both spinel materials obtained by GITT method are shown in Fig. 6 . The obtained results of lithium diffusion coefficient D are consistent with data found in literature derived from different techniques: GITT [29, 30] , PITT [31, 32] , and EIS [33] (see Tab. S1. in Supplement) with a characteristic minimum around x = 0.7 for LiMn 2 O 4 obtained from sol-gel method from this work.
In the examined range of lithium content, Li x Mn 2 O 4 obtained by a solid-state reaction exhibits higher diffusion coefficient than the material from sol-gel method. It would seem that taking into consideration the size of the grains in both materials, one could expect a different result (shortening the lithium diffusion path for smaller grains from sol-gel method). It is probable that much better kinetics of the process of lithium deintercalation/ intercalation can be connected with the occurrence of phase transition. The material obtained in sol-gel method undergoes the phase transition in temperatures 10-20 degrees lower than room temperature; it also exhibits much lower absolute values of anomalous thermoelectric effects. It is believed that the differences in the lithium diffusion coefficient at different lithium content can be attributed to the differences in the anomalous thermoelectric power characteristics at around room temperature introduced by the phase transition and phase ratio Fddd: Fd3m 1:1. The most significant difference in the lithium diffusion ). The observed maxima in absolute values of Seebeck coefficient denote high electron diffusivity at the Fermi level-where charge transfer occurs during electrode process. It has been demonstrated that the material from solid-state reaction exhibits anomalous thermoelectric effects closer to the Li-ion cell working temperature than in the case of material from sol-gel method, what most probably is the reason for better kinetics of lithium deintercalation/intercalation.
To explain these phenomena, calculations of electronic structure done by Grechnev et al. [23, 24] turned out to be of great help. The Fermi level of cubic phase of LiMn 2 O 4 is located in a local maximum of density of states (DOS), while for the orthorhombic phase, it is located in local minimum of DOS (Fig. 7) . This severe difference in density of states in both coexisting phases is the reason behind the anomalous thermoelectric effects and high diffusivity of electrons affecting lithium deintercalation/intercalation process.
Precise crystal structure studies revealed that the temperature in which significant thermoelectric peaks appear corresponds to the temperature in which ratio of coexisting phases is 1:1. Figure 6b illustrates a correlation between lithium chemical diffusion coefficient and values of thermoelectric peaks. It can be seen that the increase in value of the peak leads to higher values of lithium chemical diffusion coefficient. The electrochemical tests revealed a similar discharge capacity around 120 mAh g −1 for both materials with C/10 current. However, the material from solid-state reaction exhibits higher capacities while discharged with higher currents (C/5-10 C). In 
Electrochemical properties
Conclusions
It was shown that the synthesis method of LiMn 2 O 4 has a crucial meaning for its properties, what affects the effectiveness of deintercalation/intercalation of lithium. The analysis of transport properties (conductivity, thermoelectric power, and chemical diffusion coefficient of lithium) in Li x Mn 2 O 4 cathode materials obtained by solid-state reaction and sol-gel method allows to formulate a conclusion that the performance of manganese spinel-based cathode depends on occurrence of anomalous electron effects. These distinctive peaks in thermoelectric power appear in the temperature of phase transition, where cubic to orthorhombic phase ratio is 1:1. The analysis of electronic structure calculation [23, 24] indicated on significant differences in density of states in both coexisting phases as a reason of occurrence of anomalous thermoelectric effects, what is more the recorded maxima in absolute values of thermoelectric power correspond to high diffusivity of electrons at 
